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Introduction
Chitin and cellulose represent some of nature's largest reservoirs of organic carbon in the form of monomeric hexose sugars (N-acetyl-glucosamine and glucose, respectively) linearly linked by β-1,4 glycosidic bonds. In their natural form, both polysaccharides are organized in crystalline arrangements that make up robust biological structures, like crustacean cuticles (chitin) or plant cell walls (cellulose). While this crystalline nature is crucial for biological function it provides a though challenge in industrial biorefining of biomass, where efficient enzymatic depolymerization of particularly cellulose is a critical step.
Enzymatic degradation of recalcitrant polysaccharides has traditionally been thought to occur through the synergistic action of hydrolytic enzymes that have complementary activities (1, 2) . Endo-acting hydrolases make random scissions on the polysaccharide chains, while exo-acting processive hydrolases mainly target chain ends. However, during the last two years, a new enzyme family targeting recalcitrant polysaccharides has been identified, namely the lytic polysaccharide monooxygenases (LPMOs; also referred to as lytic polysaccharide oxidases (3), polysaccharide monooxygenases (4) and oxidohydrolases (5) ). In contrast to the classic hydrolytic enzymes that comprise many enzyme families, LPMOs only group into two distinct families (6) , carbohydrate binding module family 33 (CBM33), with bacterial, viral and some eukaryotic members and glycoside hydrolase family 61 (GH61), with so far only fungal members. The two LPMO families share a common fold, with a flat substrate binding surface that contains a metalbinding site including two conserved histidines ( (5, 7, 8) ; see below).
LPMO activity was first documented for CBP21, a CBM33 secreted by the chitinolytic bacterium Serratia marcescens, which previously had been shown to boost chitin depolymerization by chitinases (9) . CBP21 catalyzes oxidative cleavage of the β-1,4 glycosidic bonds that results in oxidation of the C1 carbon (5) . The reaction involves molecular oxygen, an external electron donor and a metal that is coordinated by the two conserved histidines (Fig. 1 ). The identity of the metal was not disclosed in early work (5, 10) but functional studies on related enzymes, a CBM33 from Enterococcus faecalis (11) and three GH61s (4, 12, 13) , have later indicated that the LPMOs are copper dependent enzymes. Still, due the several complications, such as the indiscriminate nature of the metal binding site (see below) and the fact that CBM33 crystal structures obtained so far mostly were metal-free, many aspects of metal-binding remain unresolved. Even less is known about how these enzymes, with their unique flat binding surfaces devoid of traditional substrate-binding "grooves" or "pockets", interact with the substrate. Nothing is known about dynamics in these remarkably compact proteins.
Here we describe the solution structure of CBP21 determined by nuclear magnetic resonance spectroscopy (NMR). Both NMR and isothermal titration calorimetry (ITC) were used to investigate metal binding and its pH dependence. Furthermore, we studied the molecular basis of cyanide inhibition as well as protein dynamics. Finally, by applying an NMR based approach that exploits the pH dependency of substrate binding we were able to directly map the substrate-binding surface of CBP21. Thus, we provide Results CBP21 structure. The solution structure of CBP21 ( Fig. 1A and Table S1 ; deposited in the PDB with ID 2LHS) was calculated based on 4330 NOE-derived geometrical constraints , 231 TALOS+ (14) derived dihedral angles restraints and two disulphide bridges (8) , Cys41-Cys49 and Cys135-Cys162. The CBP21 core structure is formed by a distorted β-sandwich consisting of nine anti-parallel and one parallel β-strands. The exterior of the protein is decorated with one short α-helix, four short 3 10 -helix segments and several ordered loops. Fig. 1A shows that the solution structure of CBP21 is highly similar to the X-ray crystallographic structure (8) ; there are, however minor differences in a solvent exposed area of the enzyme that is involved in substrate-binding (discussed below).
Metal binding. Interaction of CBP21 with divalent metals was probed by recording changes in chemical shifts in 15 N HSQC spectra during titration with Ca 2+ , Mg 2+ , Fe 3+ , Co 2+ , Zn 2+ or Cu 2+ ions (Figs. 1B, 1C and S1). All ions showed binding to an interaction site located between His28 and His114, where the side-chains of both residues and the Nterminal amino group of His28 coordinate the metal ion ( Fig. 1D ; it should be noted that the N-terminal leader peptide is taken into account when numbering the amino acids of CBP21; His28 is the N-terminal residue of the mature protein). Based on these experiments the dissociation constants (Kd) for the various metals were estimated to have the following order: Ca 2+ > Mg 2+ > Fe 3+ > Co 2+ >> Zn 2+ > Cu 2+, varying from > 10 mM for Ca 2+ to < 0.5 mM for Co 2+ and substantially lower for Zn 2+ and Cu 2+ (Fig. S1 ).
Considering the involvement of histidines in metal binding, 13 C HSQC spectra of the aromatic region were recorded in the absence and presence of Zn 2+ , Cu 2+ or Cu 1+ . For Zn 2+ titration, new peaks for His28 and His114 coordinating Zn 2+ appeared and increased in intensity upon titration ( Fig. 2A ). The titrations showed strong binding of Zn 2+ and indicated a Kd in a concentration range (low micromolar) that is too low for determination by NMR. Obtaining Kd values for the binding of Cu 2+ was impossible because of the paramagnetic properties of Cu 2+ that lead to broadening of the NMR signals of residues within ~10Å from the copper binding site to levels beyond detection (see also (15) ). However, a competition experiment clearly showed that Cu 2+ binds more tightly than Zn 2+ (Fig. 2B ). Upon titration of metal-free CBP21 with Cu 2+ , the signal for both histidines disappeared already at a 1:1 molar ratio between protein and the metal ion ( Fig. 2D ). Competition experiments also showed that Cu 1+ binds more strongly than Zn 2+ (Fig. 2C ) and Cu 2+ ( Fig. 2E ).
Since the Kd values were too low to be precisely determined from the NMR data, ITC experiments were conducted to obtain more accurate data. Due to the low solubility of Cu 1+ , only dissociation constants for Zn 2+ and Cu 2+ were determined, at 330 nM and 55 nM, respectively (Table 1 and Fig. 3 ). In agreement with the NMR data, this showed that CBP21 had higher affinity for Cu 2+ than for Zn 2+ (6-fold). The Kd for Cu 1+ binding can be obtained by combining, in a thermodynamic cycle, the energetics of Cu 2+ dissociation from CBP21 and the electron transfer reaction between aqueous Cu 2+ and CBP21-Cu 1+ (Fig. S2 ). The latter was obtained by experimentally determining the equilibrium constant between CBP21-Cu 2+ and a suitable electron transfer mediator (TMP, see (16) ). The E° for the equilibrium: TMPred + CBP21-Cu 2+ ⇄ TMPox + CBP21-6 Cu 1+ was determined to be 2 mV ( Fig. S2 , I). Subtraction of the E° for the TMPox/TMPred redox couple yields an E° of 275 mV for the CBP21-Cu(II)/CBP21-Cu(I) redox couple, a value that is 115 mV higher than that of aqueous Cu 2+ /Cu 1+ (Fig. S2, II) ). Since the values are related according to the thermodynamic cycle depicted in Fig. S2 , the 115 mV increase in redox potential reflects tighter binding of Cu 1+ relative to Cu 2+ and leads to a calculated Kd for Cu 1+ of 1.2 nM (Fig. S2, III) . Notably, this value should be considered an estimate, particularly because the thermodynamic values used in the cycle due to technical limitations had to be determined at slightly different temperatures (varying from 6 o C to 25 o C).
To illustrate the functional implications of these findings, and exploiting a novel method for generating metal-free CBP21 (CBP21apo; by reduction in pH, see below), we examined the enzymatic activity of CBP21apo in the presence of a metal chelator (EDTA) and various added metal ions. The data clearly show that Cu 2+ is the only of the tested divalent metals that is able to reactivate metal-free (and completely inactive) CBP21apo ( Fig. 4 and S3 ).
Cyanide inhibition.
Cyanide inhibits CBP21 (5), most likely because it is a dioxygen mimic. Addition of sodium cyanide to CBP21-Zn 2+ resulted in substantial chemical shifts for His28 and His114 in both 15 N and 13 C HSQC NMR spectra ( Fig. S4 ), whereas only limited changes were observed for other residues. * In a control experiment where CBP21apo was incubated with cyanide, no changes were observed for either the 15 N or 13 C HSQC NMR spectra, indicating that the effect of cyanide is highly local, as would be the case if this oxygen mimic binds directly to the metal ion. pH-titrations. By acid titration of CBP21apo the pKa values of His28 and His114 were determined to be 7.03 ± 0.25 and 5.85 ± 0.09, respectively ( Fig. 5A,B ), which are common values for histidines in proteins (17) . In the presence of Zn 2+ , both histidine residues first started to titrate below pH 5.0 and were fully protonated at pH 4.0 ( Fig. 5C ). The degree of protonation was calculated based on the integrals for the His-Zn 2+ and His-H + peaks and this indicated that both histidines have a pKa between 4.3-4.4. Both histidines first started to exchange Cu 1+ with protons below pH 4.7 and were fully protonated first at pH 2.9 ( Fig. 5D ), with pKa values of 3.3-3.5 and 3.5-3.7 for His28 and His114, respectively. Altogether, the pKa perturbations of the histidines by the metal ions clearly show that Cu 1+ binds stronger that Zn 2+ , and that the enzyme is in its apo-form at pH<2.9.
The variation in pKa perturbations will to a certain extent reflect the difference in binding strength of Cu 1+ vs. Zn 2+ and this may be used to estimate the Kd for Cu 1+ . The observed differences in the pKa perturbations exerted by Cu 1+ compared to Zn 2+ correspond to a total free energy change (∆Gr°) of 2.3 kcal/mol, 1.0 kcal/mol for His28 and 1.3 kcal/mol for His114 (calculated by using ∆Gr° = −RT lnK). Adding this free energy change to the free energy change of Zn 2+ binding (8.3 kcal/mol, from ITC data, Table 1 ) yields a ΔGr° of 10.6 kcal/mol, corresponding to a Kd of 16 nM. This calculation is based on the rather unlikely assumption that 100 % of the binding free energy is reflected in the measured pKa values and, thus, the value of 16 nM represents 7 an upper limit, rather than the real value. The upper limit of 16 nM for the Kd for Cu 1+ is lower than the Kd for Cu 2+ determined with ITC (55 nM) and is compatible with the Kd value for Cu 1+ obtained using the thermodynamic cycle described above (1.2 nM).
Mobility studies. The CPB21 metal binding site is able to accommodate a range of metal ions, which indicates a flexible metal binding site. To gain insight into this issue 15 N{H}-NOEs as well as T1 and T2 relaxation times (ps and ns timescale) were measured in the presence or absence of Zn 2+ .
Both the 15 N{H}-NOEs and relaxation data are relatively featureless and show the characteristics of a rigid protein. The one clear exception is the N-terminus of the protein that shows increased flexibility in the absence of metal ions ( Fig. S5 ). However, in the presence of the metal ion, this extra flexibility at the N-terminus is lost.
Substrate binding. Amino acid residues involved in binding to chitin were mapped using an NMR approach that exploits the pH dependency of substrate binding ( Fig. S6 ; nanofibrillar β-chitin) in a 2 H/ 1 H exchange experiment. Fig. 6A shows that chitin-binding protected two regions from exchange, Gln53-Ser58 and Leu110-Thr116, providing direct experimental evidence that these surface-exposed regions are involved in substrate binding ( Fig. 6B-D) .
The correlation between pH-dependent desorption of CBP21 from chitin (pH 3-4) ( Fig. S6 ) and the observed loss of the metal co-factor (at a pH of approximately 3, depending on the metal and its redox state; see above), prompted us to attempt desorbing CBP21 from chitin with a metal chelator only (EDTA). This was successful at 200 mM EDTA, providing a useful alternative purification protocol ( Fig. S7 ).
Discussion
Considering the dominance of LPMOs in the secretomes of biomass-degrading microorganisms (e.g. (18) ), the abundance of LPMO-encoding genes in such organisms, and the documented beneficial effects of LPMOs on biomass conversion, it seems that we have only seen the beginning of what may be a very important development in enzymatic biomass-refining. Many important aspects of these recently discovered enzymes remain unresolved, including the catalytic mechanism and the structural determinants of substrate specificity. The NMR and ITC studies described above provide unprecedented insight into several key properties of these enzymes.
The data presented in this study unambiguously show that CBP21 is a copper-dependent LPMO. Cu 2+ binds CBP21with nanomolar affinity ( Table 1 and Figs 2 and 3) and is essential for catalysis ( Fig. 4 ). Binding of cyanide, a di-oxygen mimic and potent inhibitor of CBP21, to the metal ( Fig. S4 ) indicates that the metal ion is actively involved in oxidative cleavage of the substrate by CBP21. Importantly, the redox potential of the Cu 2+ /Cu 1+ couple in CBP21 is elevated relative to that of aqueous Cu 2+ /Cu 1+ (115 mV) which reflects tighter binding of Cu 1+ relative to Cu 2+ . Tighter binding of Cu 1+ is confirmed by the competition experiments in anaerobic conditions, which showed that CBP21-Cu 1+ was not oxidized by a 10-fold surplus of Cu 2+ in the solution ( Fig. 2E ). The 115 mV increase in redox potential is in accordance with previous studies showing that complexation of Cu 2+ in a type 2 copper binding site increases the redox potential by 40 to 240 mV relative to the potential of aqueous Cu 2+ (19) (20) (21) . The fact that CBP21 seems to preferably bind Cu 1+ coincides with the notion that molecular oxygen tends to bind copper proteins in their reduced monovalent state (22) . These data and considerations are compatible with the initial steps of a catalytic mechanism proposed for a GH61-type LPMO by Phillips et al. (4) : Cu 2+ is reduced on the enzyme to Cu 1+ by an electron supplied by a chemical compound or an enzyme such as cellobiose dehydrogenase; upon oxygen binding to the metal ion, the electron is transferred to generate a superoxo intermediate ( Fig. 1F) .
Notably, the mapping of enzyme-substrate interactions unequivocally shows that the metal-binding site is in direct proximity to the substrate when CBP21 is bound to the chitin surface ( Fig. 6 ).
While CBM33-type and GH61-type LPMOs seem to catalyze essentially the same reaction (4, 5, 12, 13, 23), and have similar active sites ( Fig. 1D ,E), their metal binding sites do show some notable differences. Quinlan et al. (12) indicated that the Kd for Cu 2+ binding to TaGH61A is below 1 nM, suggesting that the binding affinity is at least 50fold higher than for CBP21. In CBP21, Cu 2+ is coordinated by two histidines, whereas TaGH61A and other GH61s in addition have a tyrosine that contributes to ion coordination through the hydroxyl group and a glutamine that indirectly contributes to metal coordination through positioning a water molecule that interacts with the copper ion ( Fig. 1E ). Moreover, the N-terminal histidine is methylated in all structures so far published for GH61 enzymes (12) . This modification may increase the affinity for the metal ion since 3-methyl histidine has a pKa elevated by ~0.5 compared to a normal histidine (24) . Alternatively, the methylation may have favorable structural/dynamic effects, such as pre-positioning the N-terminal histidine to optimally accommodate the copper ion. Notably, differences between the binding sites are also illustrated by the fact that no other metals than copper ions were found to bind to TaGH61A (12), whereas CBP21 binds Zn 2+ with micromolar affinity.
Interestingly, Cu 1+ dissociates from His28 and His114 at pH values that are also known to induce dissociation of substrate-bound CBP21 (see Fig. S6 for β-chitin and (25) for regenerated chitin). While this suggests that substrate binding depends on the presence of a bound metal ion, it should be noted that the EDTA concentrations needed to elute CBP21 from a chitin column were much higher than those needed for completely inactivating the enzyme. Thus, metal depletion alone is insufficient for elution and other interactions do contribute to binding (as also suggested by early mutagenesis work described in (8)).
Obtaining information on LPMO-substrate interactions is challenging due to the bi-phasic nature of the experimental system (solid substrate, soluble enzyme). Using an approach that exploits the pH dependency of both the chitin-CBP21 interaction and the 2 H/ 1 H exchange rate, we were able to directly identify residues involved in binding CBP21 to the chitin surface ( Fig. 6 ). Identified residues matched with residues previously suggested to be involved in substrate binding based on combined structure and sequence analysis and mutagenesis (8) , and included the only solvent exposed aromatic amino acid in the previously proposed binding area, Tyr54 ( Fig. 6 and (8)). Interestingly, the identified binding residues line up in a narrow stretch along the substrate binding surface that could match the width of a single polysaccharide chain ( Fig. 6B ). It is important to note though that the 2 H/ 1 H exchange experiments reflect protection of amide protons and that it is conceivable that certain residues interact with chitin without their amide protons being protected from rapid exchange (the presence of additional interacting residues is suggested by mutagenesis and sequence conservation data; Fig. 6C ,D). CBP21 does not bind single chitin chains, but rather an ordered array of chains (like the crystalline surface of a chitin fibril; (26) ). Therefore, if there really would be only a narrow stretch of interacting residues, one might speculate that the protein binds with this stretch being oriented perpendicularly to the polysaccharide chains. Interestingly, a similar (speculative) suggestion has very recently been made on the bases of the crystal structure of a GH61 protein (27) .
Despite the availability of seven LPMO crystal structures (four CBM33s and five GH61s), most aspects of these enzymes' intriguing catalytic activity have remained unknown. The first NMR structure of a LPMO described here has allowed the study of several functional aspects. Finally, as molecular motion and NMR share the same time scale, we also obtained dynamic information about the protein. The results show generally very little flexibility, with the exception of the metal binding site which in the absence of a metal ion shows some highly local flexibility. We conclude that the unique ability of LPMOs to oxidatively cleave polysaccharide chains without expelling these chains from their crystalline context depends on a fixed geometry around the oxygencoordinating metal binding site. The rigid nature of CBP21 seems well adapted to bind the highly ordered crystalline chitin surface.
Materials and Methods
For details see SI text NMR spectroscopy Isotope labeled recombinant CBP21 used in NMR experiments was produced in E. coli cultivated in isotope enriched ( 15 N or 13 C, 15 N) M9 minimal medium and purified as described in (8) . NMR assignment of CBP21 was done previously (28) and NMR data for CBP21 were obtained using a Bruker Avance 600 MHz spectrometer.
Detection of residues involved in binding of CBP21 to chitin was accomplished with a method that exploits the pH dependency of binding. The method involved binding CBP21 to β-chitin in buffered H2O followed by buffer exchange to D2O at pH 6.0. At this stage, backbone amide groups shielded from solvent by binding to chitin will retain their protons whereas amide protons on solvent exposed parts of the enzyme are exchanged with deuterium. CBP21 was then released from the substrate by pelleting the CBP21-bound chitin by centrifugation and re-suspension in H2O buffered to pH 3.5. At this pH proton exchange is slow (kexchange ~0.25•10 -3 s -1 ) and the concomitantly recorded 15 N-HSQC spectrum clearly revealed back bone amide groups having protons bound (giving very intense signals) versus deuterium bound (weak signals). By comparing the two spectra, residues involved in binding could be identified by evaluating the backbone amide group intensity differences. For details, see SI text.
Enzyme activity and binding assays CBP21 was produced in the apo-form by chitin affinity chromatography (8) using 0.2 M EDTA to elute the protein. Metal dependency of CBP21 activity was assayed by incubating CBP21apo in the presence of 2.5 mg/ml β-chitin fibers (produced according to the method described by Fan et al. (29) ), 1.0 mM ascorbic acid (electron donor), 50 µM EDTA and 25 µM metal ion salt in 20 mM Tris-HCl pH 8.0 at 37°C. Soluble products were analyzed at 1, 5 and 24 h incubation using HILIC based chromatographic methods and MALDI-TOF MS analysis as described previously (5) . For details, see SI text.
ITC
Dissociation constants and thermodynamic data for binding of Zn 2+ and Cu 2+ to CBP21 was achieved by measuring the heat produced when injecting 4 µl aliquots (40 in total) of 150 µM metal ion solutions into the reaction cell of a VP-ITC system from MicroCal, Inc (Northampton, MA) containing 1.42 ml of a 5 µM CBP21apo solution buffered to pH 6.5 with PIPES at 6°C. For details, see SI text.
Redox potential determination
Determination of the cell potential (E°) for the CBP21-Cu 2+ /CBP21-Cu 1+ redox couple was done by allowing reduced TMP (50 µl and 300 µM) to react with CBP21-Cu 2+ (50 µl and 70 µM) and reach equilibrium under anaerobic conditions and the extent of reaction, and hence the equilibrium constant, was determined by measuring absorbance from the formed TMP radical cation at 610 nm. The equilibrium constant was used to calculate E° for the CBP21-Cu 2+ /CBP21-Cu 1+ redox couple since this is proportional to the difference and the 20 energy-minimized conformations of CBP21 solved by solution NMR (PDB ID 2LHS) colored red (helix), yellow (strand) and green (coil). The N-and C-terminal residues are indicated (note that the N-terminus is part of the catalytic center). The mean RMSD between X-ray crystallographic structure and the 20 NMR structures was calculated to be 1.54 +/-0.07 Å using the Swiss-Pdb Viewer software. (B,C) Change in amino acid chemical shifts ( 15 N-and 13 C-HSQC) upon adding 2.0 mM Zn 2+ (B) or Cu 2+ (C) to 0.5 mM CBP21apo, where the degree of change is indicated by the colouring scheme. The CBP21 structure is shown by a "top" view (left) and "side" view (right). The signals of residues in close proximity to the Cu 2+ ion "vanish" due to the paramagnetic relaxation enhancement (PRE) effect induced by Cu 2+ . The data for copper (panel C) also indicated a secondary metal binding site comprising (non-conserved) residues Glu85 and His74 that showed weak and ambiguous interactions. These interactions were only observable at the highest tested Cu 2+ concentration (2 mM) and were thus regarded as artifacts. (D,E) Metal binding sites observed in the crystal structures of CBP21 (D; with an unknown metal ion bound (8)) and TaGH61A (E; with copper bound (12)). Metal ions and water molecules are shown as bronze and red colored spheres, respectively. Residue numbering is based on the explicit sequence (i.e. the signal sequence is taken into account; 27 residues for CBP21 and 21 residues for TaGH61A; H28 and H22 are the Nterminal residues, respectively). Note that TaGH61A H22 is post translationally methylated at Nε2 (panel E; (12)). Structure illustrations were prepared using PyMOL (30) . (F) Schematic overview of the reaction catalyzed by LPMOs based on existing experimental evidence. The LPMO, coordinating a reduced copper ion (Cu(I)) activates molecular oxygen that through an unknown reaction mechanism results in cleavage of the glycosidic bond, oxidation of the C1 carbon by a single oxygen (red oxygen) and hydrolysis (blue oxygen) to yield the aldonic acid end product. See (4) for further suggestions concerning the mechanism. Note that copper binding involves three nitrogen atoms, as indicated, namely the N-terminal amino group and an imidazole nitrogen in each of the two conserved histidines.
Figure 2. Spectral changes in CBP21 upon interaction with zinc and copper ions. (A)
Overlay of 13 C HQSC spectra for 0.5 mM CPB21 in the presence of 0 (black), 0.25 (red), 0.50 (blue) and 2.0 (green) mM Zn 2+ . New signals appear for His28 and His114 upon binding of Zn 2+ and increase in intensity upon titration, displaying a slow exchange situation. This indicates that both histidines have high affinity for Zn 2+ . The signal for Trp108, a residue not affected by metal binding, is the same in all spectra. (B) Overlay of 13 C HQSC spectra for 0.5 mM CBP21 and 1 mM Zn 2+ in the presence (red) or absence (black) 0.5 mM Cu 2+ . Upon binding of Cu 2+ ions the signals for the metal binding site (His28 and His114) broaden beyond detection due to paramagnetic relaxation enhancement (PRE). The absence of red signals thus shows that Cu 2+ binds stronger than Zn 2+ . (C) Overlay of 13 C HQSC spectra for 0.5 mM CBP21 and 1 mM Zn 2+ in the presence (red) or absence (black) of ~0.65 mM Cu 1+ under reducing conditions. As Cu 1+ is not paramagnetic, signals for His28 and His114 are still present in the spectrum. (D) Overlayed 13 C HQSC spectra for 0.5 mM metal-free CBP21 in the presence (red) or absence (black) of 0.5 mM Cu 2+ . Binding of copper eliminates His28 and His114 signals due to PRE. (E) 13 C HQSC spectrum for 0.5 mM CBP21 in the presence of 0.5 mM Cu 1+ and 5.0 mM Cu 2+ , in anaerobic conditions. This spectrum shows that Cu 1+ bound to CBP21 is not oxidized or replaced by free Cu 2+ since line broadening effects (PRE) of the His28 and His114 signals are not observed. The presence (F) or absence (G) of Cu 2+ in solution is verified by the proton spectrum where a high concentration of Cu 2+ ions results in generally enhanced relaxation conditions in the sample, e.g. leading to disappearance of the acetate signal at ~1.9ppm. 
SI Materials and Methods
Sample preparation. Cloning, protein expression-and purification of uniformly isotope labeled ( 15 N and/or 13 C) and non-labeled recombinant CBP21 (170 amino acids) and conditions for NMR measurements have been described previously (1, 2) . For some experiments (specified in the text) CBP21 was eluted from the chitin bead column (NEB) by 0.2 M EDTA pH 8.0 instead of 20 mM acetic acid that is used in the original purification protocol. All NMR experiments were conducted with CBP21 that had been EDTA treated to remove metals bound (CBP21apo; see (2) for details). After purification, the elution buffer were changed to an appropriate buffer (experiment dependent) using protein spin concentrators (Amicon, 10 kDa cut off). A 50 mM Tris-HCl pH 8.0 buffer containing 0.05 mM EDTA was used for the Cu-reactivation experiment (see further down). Samples for the NMR structure determination studies contained 0.8-1.2 mM CBP21 in 20 mM phosphate buffer pH 5.5, 10 mM NaCl in 90% H2O / 10% D2O or 99.9% D2O. Protein concentration was determined by measuring A280 of the protein sample using a Nanodrop ND-1000 spectrophotometer (NanoDrop products, Wilmington, DE) and deducing the protein concentration based on the theoretical extinction coefficient (calculated using the ProtParam tool: http://web.expasy.org/tools/protparam/). NMR spectroscopy. NMR spectra of ~ 0.5 mM CBP21 samples were recorded at 298 K on a Bruker Avance 600 MHz spectrometer equipped with a 5 mm z-gradient CP-TCI(H/C/N). Two-dimensional 1 H, 1 H-NOESY and three-dimensional 13 C-and 15 N-edited 1 H, 1 H-NOESY spectra were recorded in D2O and H2O, respectively. NMR data were processed using BRUKER XWinNMR version 3.5 and TopSpin version 2.1/3.0. NMR spectral analysis was performed using CARA version 1.4.1/1.5.3 (3) . 15 N-{ 1 H} heteronuclear NOEs were derived with Protein Dynamic Center software version 1.2 from Bruker BioSpin using two independently measured and integrated 15 N-{ 1 H} heteronuclear correlated spectra that had been recorded using an enhanced sensitivity sequence employing pulsed field gradient (4) with and without 1 H saturation. Nuclear magnetic relaxation (T1 and T2) measurements of 15 N nuclei were analyzed with Protein Dynamic Center software version 1.2 from Bruker BioSpin using exponential fitting of data from 15 N-HSQC spectra that had been acquired with different relaxation delays (4, 5) .
Structure calculation. NOE cross peaks were identified, assigned and integrated using the program NEASY in the CARA suite (3). The CALIBA (6) subroutine in CYANA 3.0 was used to convert cross peak intensities from NOESY spectra into distance constraints. Dihedral angle constraints (φ,ψ) were obtained from secondary chemical shifts with TALOS+ (7) . Two disulfide bridges observed in the crystal structure of CBP21, Cys41-Cys49 and Cys135-Cys162, were also used. Based on the input described, the structure was calculated using the torsion angle dynamics program CYANA 3.1 (6) . Structure calculations started from 256 conformers with random torsion angle values. 20 conformers with the lowest final CYANA target function values were energy-minimized with YASARA (8) in two steps, first in vacuo, then using water as explicit solvent using the particle mesh Ewald method (9), both steps applying the YASARA force field (10) . Geometrical constraints and structural statistics are summarized in Table S1 . In total, 4330 NOE-based upper limit distances and 231 torsion angle restraints were used to derive the CPB21 structure. The geometrical constraint and coordinate files of the minimized CBP21 conformers have been deposited in the PDB under accession number 2LHS. 15 N CBP21apo in 20 mM ammonium acetate buffer pH 5.5, 10 mM NaCl with Ca 2+ , Co 2+ , Fe 3+ , Mg 2+ , Zn 2+ , Cu 1+ and, Cu 2+ , all as chloride salts. CBP21 titration was achieved by adding small aliquots of 50 mM or 250 mM metal ion stock solutions in 20 mM sodium acetate buffer pH 5.5 containing 10 mM NaCl. When titrating CBP21 with Mg 2+ , stock solutions of 50 mM, 250 mM and 1 M MgCl2 in 20 mM phosphate buffer at pH 5.5 and 7.0 with 10 mM NaCl were used. By using concentrated stock solutions the volume increase in the sample was kept to a minimum. A 15 N-HSQC spectrum was recorded for each titration point. The CBP21apo concentrations used ranged from 0.25 to 0.50 mM. To obtain further details for Zn 2+ and Cu 2+ titrations with these ions were also monitored by chemical shift mapping in the aromatic region of 13 C-HSQC spectra.
For competitive titrations, a NMR sample was prepared containing 0.5 mM 13 C, 15 N CBP21apo in 1 mM ZnCl2, 20 mM sodium acetate buffer pH 5.5, 10 mM NaCl and titrated by adding an appropriate (small) volume of a 50 mM Cu 2+ stock solution. For the Cu 1+ experiment a NMR sample was prepared with 0.5 mM 13 C, 15 N CBP21 in 1 mM ZnCl2, 20 mM ascorbic acid, 20 mM sodium acetate buffer pH 5.5 and 10 mM NaCl. Cu 1+ has a low solubility (~0.63mM) and instead of titrating the NMR sample, solid CuCl in pellet form was added directly to the NMR tube in quantities ensuring saturation (~1 mg). The Cu 1+ /Cu 2+ competition experiment was done by transferring the CBP21-Cu 1+ sample to a new NMR tube followed by titration with Cu 2+ .
Cyanide inhibition.
A NMR sample with 0.4 mM 13 C, 15 N CBP21 in 20 mM HEPES pH 7.0 with 2 mM ZnCl2 and 10 mM NaCl (550 µl, 90% H2O / 10% D2O) was added to a NMR tube with 0.4 mg sodium cyanide (yielding a 14 mM cyanide concentration). 15 N-HSQC and 13 C-HSQC spectra were recorded. The pH in the sample was measured to pH 7.4 after NMR recording. A control experiment (leaving out the zinc) was performed in the same way; here the pH of the sample was measured to pH 7.5 after the NMR recording.
pH-dependence. pH titration of CBP21 was performed on ~0.4 mM 13 C, 15 N CBP21 in 20 mM phosphate buffer with 10 mM NaCl in 90% H2O / 10% D2O in the pH range 4.0-8.5 in steps of 0.5 pH units. Another pH titration with zinc present was performed on 0.5mM 13 C, 15 N CBP21 in 20 mM ammonium acetate buffer with 10 mM NaCl in 90% H2O / 10% D2O in the pH range 5.0-8.0 in steps of 1.0 pH units and in the pH range 4.0-5.0 in steps of 0.25 pH units. Buffers were exchanged by washing the protein three times using a Vivaspin column (10 kDa molecular cut-off). The pH was checked prior to recording of the NMR spectrum. This procedure ensured minimal change in ionic strength and well defined pH values for each titration step. For the pH titration in presence of Cu 1+ , 0.5 mM 13 C, 15 N CBP21 in 20 mM sodium acetate buffer, 20 mM ascorbic acid, 10 mM NaCl with CuCl directly added was prepared (ensuring Cu 1+ saturation in solution [~0.63 mM]). The sample was titrated by adding small amounts (0.5-2µl) of 1M HCl and the pH of the sample was measured with a mini pH probe. A 15 N-HSQC and a 13 C-HSQC spectrum were recorded for each titration point. The data were fitted using Sigmaplot version 11.0. N,N,N',N'-tetramethyl-1,4 -phenylenediamine (TMPred) in its reduced form (50 µl, 300 µM and 200 µM, respectively) and CBP21-Cu 2+ (50 µl and 70 µM) in 20 mM PIPES buffer pH 6.0, t = 25 °C were mixed in a cuvette and placed in a Hitachi U-1900 spectrophotometer. The extent of reaction was determined by measuring absorbance from the formed TMP radical cation (TMPox) at λ = 610 nm, and concentrations of TMPox, which equal concentrations of CBP21-Cu 1+ , were calculated by using an extinction coefficient of 14.0 mM -1 cm -1 (11) .This allowed for calculations of the equilibrium concentrations for the electron transfer reaction (Equation 1), and hence, the equilibrium constant (Equation 2):
Determination of the cell potential (E°) for the CBP21-Cu 2+ /CBP21-Cu + redox couple.

Solutions of oxygen free
The relationship between the free energy change (∆Gr°), the equilibrium constant (K), and the cell potential (E°) is shown in Equation 3 :
where R is the gas constant, T is the temperature in Kelvin, n is the number of electrons transferred in the reaction and F is the Faraday constant. A cell potential of 273 mV vs. normal hydrogen electrode (NHE) for the TMPox/TMPred redox couple (12) was used to determine the cell potential of CBP21-Cu 2+ /CBP21-Cu 1+ (see Figure S3 ). The equilibrium constant for the redox reaction was determined to be 1.2 ± 0.2 yielding an experimental error of ± 6 mV for the cell potential
Chitin binding
Observing the interaction of an enzyme with an insoluble substrate is a major challenge, also when using solution state NMR. Here, we exploited the pH-dependency of binding of CBP21 to chitin. As illustrated by the purification method, CBP21 binds strongly to chitin at pH 8.0 (and lower pH, such as 6.0), whereas it desorbes at ~pH 3.5 (Fig. S6 ). In this pH range there is a large change in the proton exchange rate for backbone amides (13) (from 1.66 s -1 at pH 6.0 to 0.25•10 -3 s -1 at pH 3.5). This entails that elution of CBP21 can be combined with quenching of the exchange reaction, which has been exploited to detect CBP21 residues involved in substrate binding. The substrate, β-chitin (France Chitin, Marseille, France), was treated by ultrasonication in a mildly acidic solution (20 mM acetic acid, ~pH 3.2) in order to yield a fine gel-like suspension of β-chitin fibrils, as described by Fan et al. (14) . CBP21 binding to β-chitin fibers was analyzed using uniformly labeled 15 N CBP21 and D2O/H2O exchange. 6 mg β-chitin fibers were washed with 10 mM phosphate buffer pH 6.0 with 10 mM NaCl in H2O and pelleted by centrifugation at 16.600g. The β-chitin pellet was re-suspended in 1 ml ~0.5 mM CBP21 in 10 mM phosphate buffer pH 6.0 with 10 mM NaCl in H2O and incubated for 5 min at room temperature. The sample was centrifuged for 2 min at 16.600g and the pellet was resuspended in 10 mM phosphate buffer pH 6.0 with 10 mM NaCl in 99.9% D2O and incubated for 30 min at room temperature. Hereafter the sample was centrifuged for 2 min at 16.600 g and the pellet was resuspended in 600 µl 50 mM acetate buffer pH 3.5 with 10 mM NaCl in 90% H2O/10% D2O and centrifuged for 2 min at 16.600 g. The supernatant was transfer to an NMR tube and recording of a 15 N-HSQC spectrum was started (total acquisition time was 15 min). Under the conditions used, only residues that were protected from exchange through their interaction with chitin will show NMR signals. In the control experiment β-chitin fibers were incubated in 10 mM phosphate buffer pH 6.0 with 10 mM NaCl in 99.9% D2O for 30 min prior to incubation with CBP21, after which the reaction was treated in the same way as above.
The pH dependency of binding to β-chitin was verified by measuring adsorption of CBP21 to β-chitin. CBP21 added to a buffered suspension of 10 mg/ml β-chitin to a final concentration of 0.1 mg/ml and incubated at room temperature for 3h with constant agitation. After removal of the chitin by centrifugation (5 min at 16.000 g), the protein concentration in the supernatant (unbound protein) was estimated by measuring absorption at 280 nm, using the corresponding buffer as blank and a 0.1 mg/ml solution of CBP21 in the respective buffer as a control for 100% unbound. Buffers used to achieve the various pHs were 50 mM citratephosphate (pH 3, 4, 5 and 6), 50 mM Tris-HCl (pH 7, 8 and 9) and 40 mM ethanolamine (pH 10).
Cu-reactivation assay. In order to assess the metal dependency of CBP21 activity, 2.0 µM CBP21 purified by EDTA elution was incubated with 2.5 mg/ml β-chitin nanofibers (generated as described above), 1.0 mM ascorbic acid, 25 µM metal ion salt (CuSO4, ZnSO4, MgSO4, MnCl2, or none as control) and 50 µM EDTA in 20 mM Tris-HCl pH 8.0. Before use, the β-chitin fiber suspension had been incubated for 16 h in a buffer containing 100 mM EDTA pH 8.0, then pelleted by centrifugation (15.000 g for 5 minutes), washed 5 times in TraceSelect water (Sigma) before finally being resuspended in 20 mM Tris-HCl pH 8.0 (made using TraceSelect water and high purity Tris) to 5.0 mg/ml. A slightly elevated pH compared to the other experiments described in this study was used because of the superiority of these conditions for both MALDI-TOF and HPLC analysis of soluble products. The activity of CBP21 at pH 8.0 is essentially identical to activity at pH 6.0 (15) . Reactions were incubated at 37°C with shaking at 1000 rpm in a thermomixer (Eppendorf). Aliquots were taken at 1, 5 and 24 h time points and the reaction was stopped by mixing the sample with acetonitrile to yield a final acetonitrile concentration of 72% (v/v). Analysis of products was performed using MALDI-TOF analysis and hydrophobic interaction liquid chromatography (HILIC) using the methods described in (15) . All reactions were performed in triplicate.
Isothermal titration calorimetry.
ITC experiments were performed with a VP-ITC system from Microcal, Inc (Northampton, MA) (16) . Solutions were thoroughly degassed prior to experiments to avoid air bubbles in the calorimeter. Typically, 5 µM of CBP21 in 20 mM PIPES buffer (pH 6.5) was placed in the reaction cell with a volume of 1.42 ml, and 150 µM solutions of the ligands in identical buffers as for the protein solutions were placed in the ITC syringe. Aliquots of 4 µl were injected into the reaction cell at 180 s intervals with a stirring speed of 260 rpm. The titrations were normally complete after 40 injections.
Analysis of calorimetric Data. ITC data were collected automatically using the Microcal Origin v.7.0 software accompanying the VP-ITC system (16) . Prior to further analysis, all data were corrected for heat of dilution by subtracting the heat produced by continuing injections of ligand into the reaction cell after completion of the binding reaction. These heats had the same magnitudes as the heats of titrating ligand into buffer alone. The data were fitted using a non-linear least-squares algorithm using a single-site binding model employed by the Origin software that accompanies the VP-ITC system. All data from the binding reactions fitted well to a single-site binding model, yielding the stoichiometry (n), the equilibrium binding association constant (Ka), and the enthalpy change (∆Hr°) of the reaction. The value of n was found to be between 0.9 and 1.1 per enzyme molecule for all reactions. The changes in reaction free energy (∆Gr°) and entropy (∆Sr°), as well as the dissociation constant (Kd) were calculated using the following relationship: ∆Gr° = −RTlnKa = RTlnKd = ∆Hr° − T∆Sr°. Errors in ΔHr°, Kd, and ΔGr° were obtained as standard deviations of at least three experiments. Errors in ΔSr° and -T∆Sr° were obtained as propagation of errors. Figure S1. Interaction of CBP21 with metal ions. The backbone of CBP21 (shown in cartoon representation) is coloured by the change in chemical shift ( 15 N HSQC) upon adding 160 mM Ca 2+ (A) or 160 mM Mg 2+ (B), or 16 mM Fe 2+ (C) or 4 mM Co 2+ (D), using the indicated colouring scheme, grey coloring representing no change. The CBP21 structure is in all panels shown by a "top" view (left) and "side" view (right). The metal binding site (His28 and His114) is shown in stick representation. Similar data for Zn 2+ and Cu 2+ are shown in the main text (Fig. 1B,C) . Titrations gave the following estimates of the Kd for the primary metal binding site: Ca 2+ , > 10 mM; Mg 2+ , 10-20 mM; Fe 3+ , 1-3 mM; Co 2+ , < 0.5 mM. Note that the N-terminal amino group (His28) is very likely to be involved in binding of all metals probed, but due to fast exchange, this residue is normally not observed in NMR (colored gray in all panels).
Figure S2. Calculation of CBP21-Cu 1+ dissociation constant.
The Kd of CBP21 binding to Cu 1+ can be calculated by combining three thermodynamic relations. Firstly, the cell potential (E°) of CBP21-Cu 2+ /CBP21-Cu 1+ was derived by experimentally determining the equilibrium constant for the electron transfer reaction between the mediator TMPred/ox and CBP21-Cu 2+/1+ (SI Materials and Methods and thermodynamic relation I). The cell potential was obtained from the equilibrium constant using the relation RTlnK = nFE°. Secondly, the E° derived from (I) is combined with the known E° for reduction of Cu 2+ in aqueous conditions to yield the free energy change (ΔGr°) for the reduction of aqueous Cu 2+ by CBP21-Cu 1+ (thermodynamic relation II) using the relation ∆Gr° = −nFE°. Finally, combining the ΔGr° measured for dissociation of CBP21-Cu 2+ (Fig. 3 and Table 1 ) with ΔGr° deduced from the electron transfer reaction between aqueous Cu 2+ and CBP21-Cu 1+ , the dissociation of CBP21-Cu 1+ can be calculated (thermodynamic relation III) using the relation ∆Gr° = RT lnKd. Figure S3 . MALDI-TOF spectrum of soluble products obtained upon incubating 2.0 µM metal-free CBP21with 2.5 mg/ml β-chitin fibers in the presence of 1.0 mM ascorbic acid, 50 µM EDTA and 25 µM CuSO4 for 24 h at 37°C (see Fig. 4 in the main text). The spectrum shows the Na-and K-single and double adduct clusters of DP(4-8)ox (see [15] for extensive discussion of product analysis and mass spectrometric data). Figure S4 . Cyanide binding. Spectra overlay for the area of interest from the aromatic 13 C HQSC spectra for CBP21 with Zn 2+ bound before (black) and after (red) addition of cyanide. The fact that both His28-Zn 2+ and His114-Zn 2+ have significant chemical shifts when cyanide is present while minimal changes was observed for metal free CBP21 indicates that cyanide interacts directly with Zn 2+ . A control experiment where sodium cyanide was added to CBP21apo showed no changes to either the 13 C HQSC or the 15 N HQSC spectra. In the presence of Zn 2+ , the N-terminus becomes more rigid with dynamic properties similar to core residues of CBP21. Secondary structure elements of the protein are indicated above panel A. The T1:T2 ratio is a direct measure for the correlation time for overall rotational tumbling of the protein. The average T1:T2 ratio for CBP21 was calculated to be 10.3±0.9, which, assuming a spherical particle, corresponds to an overall rotational correlation time τc = 9.8±0.5ns (5) . Note that the main effect of adding the metal ions (panel C vs panel A and panel D vs panel B) is a flattening of the signals for the protein's Nterminus. This is best visible for Gly29. The N-terminal residue (His28) is not observable due to fast exchange with the solvent. Figure S6 . pH dependent binding to chitin. Binding of 5.3 µM CBP21 to 10 mg/ml β-chitin at pH ranging from 3 to 10. The degree of bound protein was estimated by measuring the fraction of unbound protein in the reaction supernatant after 3 h incubation at room temperature. 0.0 RMSD to the average coordinates (Å) d N, C α , C' 0.25 N, C α , C' (secondary structure) e 0.21 Heavy atoms 0.34 Heavy atoms (secondary structure) e 0.30 a Obtained from secondary chemical shifts using the program TALOS+ (8) . b The values given are the average and standard deviation over the 20 energy-minimised conformers with the lowest CYANA (Ver. 3.1) target function values, from which the NMR solution structure was derived. c The average target function values for the 20 best CYANA conformers before energy minimisation. d Average coordinates of 20 energy-refined conformers after superposition for best fit of the N, C α , and C' atoms of the residues. 
